We report on nonresonant strong field ionization of the multielectron transition metal atoms V, Nb, Ta, Ni, and Pd. Operating in the adiabatic regime ( 1:5 m), we quantitatively determined both (i) the first charge state saturation intensities and (ii) the absolute ionization rates for intensities ranging from threshold up to 3 10 14 W=cm 2 . We observed a dramatic suppression of ionization relative to single active electron approximation expectations. We suggest that this derives from dynamic polarization or screening effects within the multielectron atom, stressing a need for many-body theories of strong field ionization. DOI: 10.1103/PhysRevLett.93.213003 PACS numbers: 32.80.Rm, 42.50.Hz Strong field ionization dynamics is central to many extreme nonlinear optical processes such as high harmonic, x-ray, and attosecond pulse generation. Much of our understanding of these dynamics derives from adiabatic theories based upon strong field (SF) tunnel ionization and single active electron (SAE) approximations. These theories, of which Ammosov-Delone-Krainov (ADK) theory is a well known example [1], successfully describe the strong field ionization dynamics of the effectively SAE rare gas atoms [2] . To understand the strong field physics of matter more generally, true multielectron systems and their many-body dynamics must be considered. The first correlated two-electron phenomenon, nonsequential double ionization in rare gases, can be treated within the SF-SAE picture by considering the recollision of the continuum SAE with the core [2, 3] . The strong field ionization of two-electron atoms (Mg and Ca) show perhaps the first hints of deviation from the SF-SAE picture [4, 5] . More complex multielectron correlation phenomena, showing a complete failure of the SF-SAE picture, were observed in the strong field ionization of polyatomic molecules in both the adiabatic [6, 7] and nonadiabatic [8, 9] regimes. Diatomic molecules also show differences from SAE atoms that relate to the molecular nature of the physics [10 -12]. A complete many-body theory treatment of multielectron dynamics in a strong laser field, however, is in the very early stages of development [13, 14] . There is a great need for detailed, direct comparison of theory with simpler systems: multielectron atoms. We present a quantitative determination of absolute ionization rates as a function of intensity and saturation intensities for a series of such atoms.
We report on nonresonant strong field ionization of the multielectron transition metal atoms V, Nb, Ta, Ni, and Pd. Operating in the adiabatic regime ( 1:5 m), we quantitatively determined both (i) the first charge state saturation intensities and (ii) the absolute ionization rates for intensities ranging from threshold up to 3 10 14 W=cm 2 . We observed a dramatic suppression of ionization relative to single active electron approximation expectations. We suggest that this derives from dynamic polarization or screening effects within the multielectron atom, stressing a need for many-body theories of strong field ionization. Strong field ionization dynamics is central to many extreme nonlinear optical processes such as high harmonic, x-ray, and attosecond pulse generation. Much of our understanding of these dynamics derives from adiabatic theories based upon strong field (SF) tunnel ionization and single active electron (SAE) approximations. These theories, of which Ammosov-Delone-Krainov (ADK) theory is a well known example [1] , successfully describe the strong field ionization dynamics of the effectively SAE rare gas atoms [2] . To understand the strong field physics of matter more generally, true multielectron systems and their many-body dynamics must be considered. The first correlated two-electron phenomenon, nonsequential double ionization in rare gases, can be treated within the SF-SAE picture by considering the recollision of the continuum SAE with the core [2, 3] . The strong field ionization of two-electron atoms (Mg and Ca) show perhaps the first hints of deviation from the SF-SAE picture [4, 5] . More complex multielectron correlation phenomena, showing a complete failure of the SF-SAE picture, were observed in the strong field ionization of polyatomic molecules in both the adiabatic [6, 7] and nonadiabatic [8, 9] regimes. Diatomic molecules also show differences from SAE atoms that relate to the molecular nature of the physics [10 -12] . A complete many-body theory treatment of multielectron dynamics in a strong laser field, however, is in the very early stages of development [13, 14] . There is a great need for detailed, direct comparison of theory with simpler systems: multielectron atoms. We present a quantitative determination of absolute ionization rates as a function of intensity and saturation intensities for a series of such atoms.
In the adiabatic SF regime all electrons, not just the most weakly bound ''active'' one, must respond to the applied field. If there are many polarizable electrons, we expect that these will all be pushed by the field up against the partially suppressed barrier and lead to enhanced repulsion for the active electron, as was discussed for the case of molecules [8] . This type of dynamic polarization yields an effectively higher tunneling barrier and therefore a suppression of ionization. SAE models such as ADK appear to provide a good description of the ionization dynamics of the rare gases and, in this context, these show no suppression of ionization. To provide quantitative data on the adiabatic SF ionization dynamics of multielectron atoms, we have made a systematic study of two series of transition metal atoms: V, Nb, and Ta (five outer valence electrons), and Ni and Pd (ten outer valence electrons). We compare our results with both ADK theory and a simple model that we argue mimics the limiting behavior of infinitely polarizable systems: the delta or zero-range potential (ZRP).
A stable kHz-rate laser ablation source was used to produce the transition metal atomic beam, using helium as the carrier gas [15] . A rotating, translating rod of pure metal (V, Nb, Ta, Ni, Pd) was used as the target. An amplified fs Ti:Sa laser system pumped an optical parametric amplifier to produce <90 fs pulses at 1:5 m with >150 J of energy [16] . The focused (f=15) infrared laser pulses intersected the atomic beam in the extraction region of a linear time-of-flight mass spectrometer. The mass spectrum and laser intensity were recorded for each laser shot. We measured the intensity dependence of the atomic mass peak up to a maximum of 3 10 14 W=cm 2 .
We implemented the saturation intensity method that employs a constant axial intensity ion collection geometry, as discussed in detail elsewhere [6, 7] . Briefly, a 500 mn slit perpendicular to the laser propagation direction permitted collection only of ions formed in a region of constant axial intensity. With this geometry, a linear dependence of the ionization yield on the logarithm of the intensity holds at high intensity. The saturation intensity, I sat , is defined as the threshold intensity for this (extrapolated) linear behavior and is a general measure of VOLUME 93, NUMBER 21 the ''ease'' of ionization. As I sat is an atomic property which does not depend on experimental factors such as detection efficiency or focusing geometry, comparison with theory is unambiguous. Absolute laser intensities were determined by in situ calibration against the known saturation intensity of xenon, as described in detail elsewhere [7] .
In Fig. 1 we show an example of a typical intensity scan, here for the Nb atom. Similar data were recorded for V, Ta, Ni, and Pd atoms. Saturation intensities are obtained by extrapolation of the high intensity linear behavior, as shown in the figure. The I sat determined from each fit is given in Table I , along with the previously reported ionization potential [17] and static polarizability [18] of each atom.
The absolute ionization rates as a function of intensity were determined by transformation of the ion yield data as detailed elsewhere [7] . Briefly, the method depends on measuring the slope of the ion yield curve . The cycleaveraged intensity dependent ionization rate is WI 0 ; ft where I 0 is the Gaussian peak intensity and ft is the pulse envelope function. The time integral of this rate over the pulse envelope is given by
where 1 is the slope associated with the limiting linear behavior at high intensity. The measurement of 1 provides an internal calibration of all unvaried experimental parameters [7] . For the case of a square-top pulse of duration , the integral R 1 ÿ1 WI 0 ; ftdt reduces to WI 0 where WI 0 is the absolute ionization rate. The slope was obtained from the rise and run over its two neighboring points. To reduce differentiation noise, the raw ion yield data (as in Fig. 1 ) were first smoothed with a ten point binning method.
For the case of a square-top pulse of duration , the integral in Eq. (1) reduces to WI 0 where WI 0 is the absolute ionization rate. In Fig. 2 , both the square-top absolute ionization rate and the integrals R 1 ÿ1 WI 0 ; ftdt, are plotted as a function of absolute intensity for the atoms V, Nb, Ta, Ni, and Pd. The solid lines represent ionization rates derived from the gradients of the functional fits to the experimental data, demonstrated for Nb in Fig. 1 . The effective pulse duration for the square-top pulse was obtained by fitting xenon intensity scan data to ADK theory.
We compare the observed ionization rates of the multielectron atoms with two limiting case models. The first model is ADK, a benchmark for SAE atoms. Our measurements are carried out at intensities where the Keldysh parameter, , 0:5 or less, conditions under which ADK is still expected to maintain good accuracy for cycleaveraged rates [19] . It can be seen from Table I that, in all cases, the experimental I sat significantly exceeds the ADK value and from Fig. 2 that ADK drastically overestimates ionization rates: around the ADK I sat , the ADK ionization rate is off by a factor of 10 4 -10 6 (note that I sat is a logarithmic measure). This demonstrates the dramatic nature of the suppression of ionization in these multielectron atoms relative to SAE expectations. More general, but more difficult to apply and therefore less widely used, treatments such as exact numerical SAE calculations [2] and the analytical SAE derivation of Perelomov-Popov-Terentev [20] show that ADK progressively underestimates ionization rates as increases above 0.5. This implies even greater disparity between our experimental results and the predictions of more sophisticated SAE approaches. We suggest that the suppression is due to the dynamic (but adiabatic) polarization of all electrons in the strong field, leading to displacement of electron density towards the barrier and, hence, increased repulsion for the active electron which must pass through this region in order to escape. The ion yield is plotted vs the logarithm of the peak intensity.
A multiexponential fit to the data is shown as a solid line. The limiting slope 1 , its intercept I sat , and the slope at a lower intensity are shown. As discussed in the text, was used to extract the absolute ionization rates. All other atoms (not shown) were treated in a similar manner. Equivalently, a test charge approaching the barrier from afar climbs the potential due to the laser field and feels, at close range, enhanced repulsion due to the polarization of electrons towards the barrier and, therefore, an increase of the barrier height at short range (thus leading to dramatically reduced tunneling rates). We now consider the other limiting case -that of very high multielectron contribution to the polarizability. None of the SAE models, including ADK, consider any dynamics internal to the potential and therefore cannot include dynamic screening effects. As full many-body theories of strong field ionization dynamics are still under development [13, 14] , it is useful to consider simplified models. Qualitatively, we expect an adiabatic multielectron polarization to lead to field-induced enhancement of the tunneling barrier for the active electron. As a model of the high polarizability limit, we used a simple function-the delta function or ZRP-which we argue represents the limiting case for high multielectron polarizability systems.
We expect that multielectron polarization leads to displacement of electron density away from the core in the direction of the laser electric field-i.e., downfield towards the tunneling barrier. This enhancement of electron density between the core and the exterior region should lead to enhanced screening of the core as viewed from the downfield exterior region. In the upfield region opposite the barrier, we expect, if anything, the core to be more exposed due to this displacement of electron density. As we are concerned with tunneling rates through the fieldmodified barrier, we focus only on the downfield side. A simple way to mimic multielectron screening is through the use of an effective Coulomb charge z. A reduced z implies core screening and leads to a change in the shape of the downfield potential relative to the z 1 Coulomb potential, as illustrated in Fig. 3 . The tunneling barrier increases as z decreases. In the limit z ! 0 (i.e.,''perfect'' downfield screening), the potential tends to the triangular barrier associated with a delta, or zero-range, potential function in the field. If we neglect changes in the preexponential factor, we can estimate the tunneling rate through this limiting triangular barrier as that from a ZRP. We propose that the ZRP behaves as the high multielectron polarizability limit of dynamic screening of atoms in a strong laser field. Therefore, we used the cycle-averaged Wentzel-Kramers-Brillouin tunneling rates out of ZRPs as the second limiting case -that of high multielectron polarizability-for calculating ionization rates.
In Table I we present our experimental saturation intensities as well as the ADK and ZRP expectations. In Fig. 2 , we show the absolute ionization rates calculated for each atom from both the ADK (dashed line) and ZRP (dotted line) models. In all cases, the experimental rates are bracketed by the two models, although the Nb rates approach more closely to the ZRP limit.
As a single parameter measure of the multielectron contribution to the suppression of ionization via the dynamic polarizability, we propose the following: Adiabatic multielectron polarization in a strong laser field leads to displacement of electron density towards the barrier. This leads to enhanced screening of the core as viewed from the downfield region. We mimic the enhanced downfield screening through the use of an effective Coulomb charge z. For an unscreened core of unit charge z 1, reduction in z (i.e., more core screening) mimics the field-induced modification of the tunneling barrier, as can be seen for z 0:75, 0.25, and 0.01. In the limit z ! 0, the potential tends towards a delta or ZRP. 
The value is a number between zero and one. A number close to 0 denotes good agreement with ADK theory and a single active electron picture of the ionization dynamics (hence, 0 for Xe). A value close to 1 denotes good agreement with the ZRP model which we suggest is indicative of strong multielectron contributions to the dynamic polarization, leading to dramatic suppression of ionization rates. It is important to note that is defined in terms of the saturation intensities (as in Fig. 1) and not from the absolute ionization rates (as in Fig. 2 ). As can be seen from Table I , except for Nb, all these atoms show a value of around 0.2, indicating some multielectron contributions to the dynamic screening. Interestingly, these appear to be invariant with respect to the total number of valence electrons or the static polarizability. For Nb, by contrast, 0:5 represents a very strong dynamic screening effect. This anomalous behavior is currently under further investigation in our laboratory, but several indications of the unusual polarizability of Nb and its clusters have been documented in the literature [21, 22] .
In conclusion, the strong field ionization dynamics of the multielectron atoms V, Nb, Ta, Ni, and Pd have been investigated in the adiabatic (infrared) limit. We reported absolute ionization rates and saturation intensities that are independent of experimental parameters and, hence, are directly comparable with theory. We observed a strong suppression of ionization, as compared with single active electron theory expectations. We ascribed this effect to multielectron dynamic screening, related to the multielectron contribution to the polarizability of the system, analogous to what was discussed in the strong field ionization of C 60 [23] and metal clusters [24] . The latter systems were described in terms of a classical conducting sphere model, successful in treating larger systems such as clusters of ten or more metal atoms, but which does not apply to small quantum systems: classical models fail to describe the polarizability of single atoms. We have bracketed the absolute ionization rates of the atoms investigated here between, on the one hand, a SAE model (ADK) and, on the other hand, a simple model which we propose behaves as the high dynamic screening limit -the ZRP. In strong fields, even material systems as simple as isolated atoms can exhibit a richness that transcends the simple physics of one electron systems. We hope that these results will encourage the further development of full many-body quantum mechanical theories of strong field ionization.
